Biodegradable self-healing hydrogels are attractive materials for tissue repair; however, the impact of the self-healing abilities of hydrogels on tissue repair is not clear. In this study, we prepared novel chitosan-cellulose nanofiber (CS-CNF) composite self-healing hydrogels with the same modulus (approximately 2 kPa) but tunable self-healing properties. By adding a low amount of CNFs (0.06-0.15 wt%) in the pristine chitosan (CS) self-healing hydrogel, the reversible dynamic Schiff bonding, strain sensitivity, and self-healing of the hydrogel are obviously affected. Neural stem cells embedded in the CS-CNF hydrogel with better self-healing properties reveal significantly enhanced oxygen metabolism as well as neural differentiation. The differentiation of neural stem cells is highly correlated with their metabolic change in the self-healing hydrogel. Moreover, the neural regeneration effect of the optimized CS-CNF hydrogel with 0.09 wt% CNFs and the best self-healing properties show a 50% improvement over the pristine CS hydrogel in the zebrafish brain injury model. A mechanism is proposed to interpret the tunable self-healing properties of CS-CNF hydrogels with stiffness maintained in a similar range. The new self-healing hydrogels help to clarify the role of self-healing in the biological performance of hydrogels as well as provide design rationale for hydrogels with better injectability and tissue regeneration potential.
Introduction
Hydrogel possesses the capability of holding a large amount of water in a three-dimensional (3D) network and is an attractive class of materials for biomedical applications 1, 2 . Recently, stimulus-responsive hydrogels have attracted much attention because of their versatility and a broad range of applications. Hydrogels with self-healing properties provide appealing features such as the less short invasive delivery procedure by injection at the target site without gel fragmentation 3 . Self-healing hydrogels with strong tissue adhesion significantly promote wound healing 4, 5 . They may also carry therapeutic agents to the damaged tissue area, offering a local treatment effect. Moreover, the self-healing hydrogels may provide an extracellular matrix-like 3D environment for embedded cells and thus hold promises for tissue engineering applications [6] [7] [8] . CS is a linear polysaccharide consisting of randomly distributed N-acetyl-D-glucosamine (acetylated) and β-(1 → 4)-linked D-glucosamine (deacetylated) 9, 10 , and is extracted by treating the chitin shells of shrimp and other crustaceans with an alkaline substance. CS has been widely applied in biomedical applications because of its good biocompatibility and biodegradability [11] [12] [13] [14] . Wei and colleagues fabricated a biocompatible self-healing CSbased hydrogel as a new injectable cell therapy carrier 15 .
Ding and colleagues fabricated CS-based hydrogels with multibenzaldehyde-functionalized poly(ethylene glycol) (PEG) analogs for cartilage tissue engineering 7 . Furthermore, CS-based hydrogel scaffolds immobilized with growth factors or containing endothelial cells were found to induce the differentiation of neural stem cells (NSCs) 16, 17 . When added with a small amount of fibrinogen, the CS self-healing hydrogel could form double network that maintained the self-healing property and acquired the ability to promote blood capillary formation 18 . Cellulose is a linear polysaccharide containing several hundreds to many thousands of β-(1 → 4)-linked D-glucose, and is the most abundant organic polymer on earth 19, 20 . Natural fibrils of cellulose have a diameter of 2-20 nm and a crystallinity of 65-95%, depending on their origins 21, 22 . Cellulose nanofibers (CNFs) can be obtained from wood using 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO)-mediated oxidation, also named TEMPO-oxidized CNFs (TOCNs) [23] [24] [25] . Through the process of partial carboxylation of the hydroxyl group, CNFs are extracted from native cellulose and uniformly dispersed in water. In addition to CNFs, nanocrystalline cellulose (NCC) and bacterial nanocellulose (BNC) have also been used in the biomedical field. For example, the hydrogel containing TEMPO-mediated oxidized BNC and alginate were employed to encapsulate the insulin secreting β-cells 26 . CNFs obtained from the TEMPO-mediated oxidation of cellulose were used to prepare polymer nanocomposites with superior reinforcement effects 24, 27, 28 . Literature regarding the addition of CNFs in hydrogel is relatively rare. Very recently, CNFs (0.5-4.5 wt%) were incorporated into methacrylate-functionalized carboxymethyl cellulose followed by UV crosslinking to generate mechanically robust hydrogels 29 . The fibrous structure of CNFs may presumably change the rheological behavior and modify the self-healing ability of the hydrogel network, which has not been explored thus far. In the current study, we prepared composite hydrogels from CS-based self-healing hydrogel and a very low amount of CNFs (0.06-0.15 wt%). The self-healing, injectability, and rheological properties of the composite hydrogels were investigated. NSCs were embedded in the composite hydrogels and analyzed for cell proliferation, gene expression, protein expression, and aerobic metabolism. We demonstrated that the presence of CNFs modulated the self-healing behavior of composite hydrogels. In particular, the self-healing ability of the composite hydrogels was positively correlated with the neural differentiation of NSCs embedded in the hydrogel in vitro and the functional recovery of neural-impaired zebrafish in vivo.
Materials and methods

Preparation of CNFs
CNFs were prepared as previously described 25 . The CNF dispersion was obtained by mixing wood pulp, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), sodium bromide (NaBr), and sodium hydroxide (NaOH) in deionized water. Sodium hypochlorite (NaClO) was then added to start the oxidation/reduction reactions. After 12 h, the reaction was stopped by diluting with abundant deionized water. The dispersion was purified by repeated washing in deionized water until the aqueous solution reached neutral pH, and was concentrated to obtain the gel-like CNFs and stored in a 4°C refrigerator. The degree of substitution (i.e., extent of carboxylation) determined by titration (conductivity method) was approximately 30%.
Preparation of CS-CNF composite self-healing hydrogels
Telechelic difunctional PEG (DF-PEG) was synthesized through esterification of hydroxyl-terminated PEG with 4-formylbenzoic acid 30 . The solid powders of DF-PEG and glycol CS (molecular weight of 510 kDa, Sigma, St. Louis, MO, USA) were dissolved in deionized water. To obtain the composite hydrogels, the CNFs were first dispersed in DF-PEG before mixing with glycol CS. The gelation mechanism of the DF-PEG-crosslinked glycol CS hydrogel (chitosan-based hydrogel, abbreviated as CS hydrogel) was network formation through dynamic a Schiff base reaction 16 . The crosslinking density of the hydrogel was tuned by the amount of the crosslinker (DF-PEG). The glycol CS and DF-PEG were dissolved in cell culture medium (described in Section "Three-dimensional (3D) cell culture in CS-CNF hydrogels"). The pristine CS hydrogel in this study was resulted from mixing an equal amount of solutions of glycol CS (3%) and DF-PEG (2%). Meanwhile, a series of composite CS hydrogels were prepared to contain different contents of CNFs (0, 0.06, 0.09, 0.12, and 0.15 wt%) in the CS hydrogel. To obtain the composite hydrogels, the CNFs were first dispersed in DF-PEG before mixing with glycol CS.
Rheological measurement of CS-CNF hydrogels
The rheological properties of various hydrogels (CS and CS-CNF) were measured by a dynamic rheometer (HR-2, TA Instruments) with a cone (40 mm diameter with 2°a ngle)-and-plate geometry. First, a 3% glycol CS solution was prepared in culture medium and loaded onto the plate. Then, a 2% DF-PEG solution with different amounts of CNFs was added onto the glycol CS solution. The measurement was maintained at 37 ο C. The storage modulus (G′) and loss modulus (G″) were monitored at 1 Hz frequency and 1% oscillating shear strain for the time-dependent measurement. The strain sensitivity (the strain for the damage to occur) of various hydrogels was evaluated by conducting a strain sweep test at 1 Hz with the oscillatory shear strain increasing stepwise from 1 to 400%. Based on the strain sweep results, the self-healing properties were evaluated by damage-healing cycles, which were continuous step changes in the oscillatory strain at 1 Hz between 1% and n% (where n% was the strain at which damage occurred measured from the strain sweep, depending on the content the of CNFs). The healing-damaging cycles (200 s each) provided information on the strain-induced destruction and recovery of the hydrogel.
Thermal analyses and degradation studies of CS and CS-CNF hydrogels
The thermal properties of the CS and CS-CNF hydrogels were evaluated by a thermogravimetric analyzer (TGA, Q50, TA Instrument, New Castle, DE, USA). The Dried samples (4-8 mg) were heated from 100 to 800°C at a heating rate of 20°C/min under a nitrogen atmosphere.
In addition, the biodegradation of the hydrogels was tested in vitro. Hydrogels weighing approximately 500 mg were placed in 2 mL phosphate-buffered saline (PBS) solution (pH 7.4). The hydrogels were incubated at 37°C for 3, 7, 14, 21, and 28 days. The remaining mass (%) was calculated from the equation: remaining mass (%) = (W t / W i ) × 100%, where W i is the initial weight of the hydrogel and W t is the weight of the hydrogel at any time point.
3D cell culture in CS-CNF hydrogels
NSCs were obtained from adult mouse brains as previously described 31 . Briefly, dissociated cells from the mouse brain were cultured in a cell culture dish (Corning, NY) with Dulbecco's modified Eagle's medium (DMEM, Gibco, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, USA) in a 37°C/5% CO 2 incubator. After cell colonies appeared in the dish, the serum-supplemented medium was switched to serum-free medium. The NSCs were then selected by 400 mg/mL G418 (Invitrogen) treatment as previously described 31 . The NSCs were maintained in Dulbecco's modified Eagle's medium and Ham's F-12 (DMEM/F12 (1:1), Gibco, USA) supplemented with 10% fetal bovine serum (FBS, Gibco,USA), 100 U/mL penicillin-streptomycin (PS, Caisson Labs, USA), and 400 mg/mL G418. The culture medium was refreshed once every 2 days.
In the 3D culture group, the NSCs and CNFs were suspended in DF-PEG containing NSC culture medium without G418 and were mixed with glycol CS dissolved in the same medium. The NSCs (cell density 2 × 10 6 per mL) embedded in the CS-CNF hydrogels were further cultured in NSC culture medium without G418.
Cell viability and aerobic metabolism for cells in CS-CNF hydrogels
The proliferation rate of cells was investigated in the long term by the CCK-8 (Sigma-Aldrich, Japan) assay. The NSCs (cell density 5 × 10 5 per mL) were embedded in different hydrogels. At 0, 3, 7, 14, 21, and 28 days, each hydrogel (containing NSCs) was washed and incubated with the CCK-8 reagent and culture medium at 37°C for 2 h. The CCK-8 reagent entered the hydrogel in approximately two hours. After adding the CCK-8 reagent, we incubated each set of experiments for the same amount of time. The supernatant of each hydrogel (containing NSCs) was then aspirated to a 96-well plate. Optical absorption was measured at 450 nm by a microplate reader (SpectraMax M5, Molecular Devices, USA), and the values were deducted from that of a blank control (pristine CS hydrogel without cells). The optical absorption values were deducted from that of a blank control (same hydrogel without cells) before the optical absorption values were normalized at day 0. The values are expressed as the percentage (%). Cell viability in the hydrogels was confirmed by confocal microscopy. NSCs (cell density 1 × 10 6 per mL) embedded in the self-healing hydrogel were cultured for 3 days. 3D fluorescence images of the NSCs after acridine orange/4'6-diamidino-2-phenylindole (AO, green/DAPI, blue) staining by a confocal microscope (Leica TCS SP5 II) were obtained. Viability was calculated from the number of green spots divided by the sum of green and blue spots.
The oxygen metabolism and mitochondrial function of the cells in hydrogels were analyzed by the Seahorse XFp analyzer (Seahorse Bioscience, USA) at 37°C. The NSCs (2 × 10 6 cells per mL) were mixed with each hydrogel and incubated in the culture medium for 24 h. Subsequently, the medium was changed to unbuffered DMEM (DMEM containing 1 mM sodium pyruvate, 31 mM NaCl, 25 mM glucose, and 2 mM GlutaMAX, pH 7.4), and incubated at 37 ο C for 1 h. The cellular oxygen consumption rate (OCR) was determined by Seahorse XF-96 software.
Gene expression for cells in CS-CNF hydrogels
To identify the behavior of NSCs embedded in hydrogels containing with CNFs, the expression levels of NSCrelated genes [nestin, glial fibrillary acidic protein (GFAP), CNPase, β-tubulin, and microtubule-associated protein 2 (MAP2)] were determined by real-time reverse transcriptase-polymerase chain reaction (RT-PCR). Total RNA from the cells embedded in the hydrogels was extracted with the Trizol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was obtained from RNA by reverse transcription with the RevertAid First Strand cDNA Synthesis Kit (MBI Fermentas, St. Leon-Rot, Germany). RT-PCR was performed by the Applied Biosystems StepOne thermal cycler using the KAPA SYBR FAST qPCR Kit (KAPA Biosystems). The primer pairs of each gene used in this study are shown in Table S1 (Supplementary data). The expression level of each gene was normalized to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which is an internal control.
Protein expression by immunostaining
The protein expression of NSCs in CS-CNF hydrogels was analyzed by immunostaining. The ntibodies and concentrations were the same as those described previously for 3D immunostaining 32, 33 . Immunostaining was performed according to the general protocol with some modifications. The NSCs (2 × 10 6 cells) were embedded in the hydrogels with NSC medium without G418 and cultured for 7 days. For immunostaining, the hydrogels were washed with PBS and fixed with 4% paraformaldehyde solution for approximately 30 min. After blocking with 5% bovine serum albumin (Chumeia), the NSCs were incubated with the respective antibodies (1:100 dilution) of nestin (GeneTex, GTX26142), GFAP (BioLegend, B209352), CNPase (BioLegend, B209442), β-tubulin (Proteintech, 10068-1-AP), and MAP2 (BioLegend, B206152) at 4°C for 24 h. After completion of the reaction, the samples were washed several times with Tween 
In vivo therapeutic function evaluation by zebrafish experiments
Adult wild-type zebrafish were maintained and paired under standard protocols.
The therapeutic effects of NSCs on CNS-impaired adult zebrafish were evaluated by the cerebellum injury model of adult zebrafish 34 with some modifications. The zebrafish were anesthetized with 200 ppm tricaine (SigmaAldrich, USA). Afterward, a 26G (260 μm inner diameter) syringe needle (Terumo, Philippines) was vertically pierced into the skull of an adult zebrafish 1.5 mm deep to cause cerebellum injury. After stabbing, cells (approximately 1 × 10 4 cells total) in hydrogels (1 μL) were injected into the wound by a winged infusion set (27G; TOP, Malaysia). The functional activity (swimming speed) of adult zebrafish was analyzed from 1 to 6 days 35 .
Statistical analysis
All the quantitative values from the experiments are expressed as the mean ± standard deviation. In an individual experiment, each group contained multiple samples (n = 3-5). To confirm reproducibility, each experiment was repeated three times. Statistical differences among the experimental groups were determined by one-way analysis of variance (ANOVA). A p value < 0.05 was considered statistically significant.
Results
Self-healing and injectable properties of CS-CNF hydrogels
The CNFs were prepared by TEMPO-oxidation of cellulose and had an oxidation (substitution) ratio of approximately 30% 25 . The average diameter of the dispersed CNFs was approximately 3 nm, and the length was in the range of 10-20 μm (Fig. S1 , Supplementary data). The composite hydrogels of CS and CNFs were further prepared to contain different contents of CNFs (0.06, 0.09, 0.12, and 0.15 wt%) (abbreviated as CS-CNF1, CS-CNF2, CS-CNF3, and CS-CNF4, respectively), as shown in For the pristine CS self-healing gel, the central hole (0.5 cm) diminished with time and finally disappeared after 12 h. Meanwhile, the central holes in the CS-CNF nanocomposite hydrogels were fully recovered in only 9 h. Based on visual observation, the self-repairing rate of the CS-CNF nanocomposite hydrogels was faster than that of the pristine CS hydrogel. In addition, the CS-CNF hydrogels could be injected easily through a 160 μm diameter syringe needle without clogging, while the pristine CS hydrogel could only be injected by being pushed hard through the 160 μm diameter syringe and fragmented easily. The surface of 160 μm-needle-injected hydrogels was smooth for the composite hydrogels, particularly for CS-CNF2 and CS-CNF3 hydrogels (Fig. 1B) .
Rheological properties of CS-CNF hydrogels
The rheological properties of CS and CS-CNF2 hydrogels are compared in Fig. 2 . When equilibrated at 37°C for approximately 2000 s, the storage shear modulus (G′) for both CS and CS-CNF2 reached a steady value and was approximately 2 kPa ( Fig. 2A, B) . The dynamic strain sweep experiment conducted at 1 Hz showed that the CS hydrogel underwent a gel-to-sol transition (G′ reduced from 2 to 0.04 kPa) at an approximately 285% strain, while CS-CNF2 became sol at a much lower strain (52%) (Fig. 2C, D) . In addution, the dynamic strain sweep data of CS-CNF2 (Fig. 2D) revealed that the transition from gel to sol occurred quite suddenly and there was a sharp drop in G′ when the strain reached approximately 50%. A reversible sol-gel transition was revealed by the damage and healing cycles (Fig. 2E, F) . Both hydrogels were completely recovered from damage upon the step change in oscillatory strain. The rheological properties of the other CS-CNF nanocomposite hydrogels are shown in Fig. S2 (Supplementary data) . The storage modulus (G′) and the minimal strain for the gel-to-sol transition of the hydrogel are summarized in Table 1 . For CS-CNF hydrogels with a low (CS-CNF1) or high (CS-CNF3 and CS-CNF4) CNF content, the critical strain required for destroying the hydrogel was greater than that for CS-CNF2. At the highest content of CNF (0.15 wt%), the hydrogel (CS-CNF4) did not fully recover its original strength (i.e., recovered only approximately 60%).
Thermal analyses and degradation studies of CS hydrogels and CS-CNF nanocomposites
The pristine CS hydrogel and CS-CNF2 hydrogel were decomposed at approximately 250, 350 and 400°C, according to TGA curves of the self-healing hydrogels shown in Fig. S3A . The thermal stability of the CS-CNF2 hydrogel was better than that of the pristine CS hydrogel. The remaining fractions of the CS hydrogel at 250, 350 and 400°C were approximately 83%, 70%, and 40%, while those of the CS-CNF hydrogel were 83%, 70, and 45%, respectively. The degradation rates for hydrogels in PBS at 37°C are displayed in Fig. S3B . All hydrogels degraded significantly in 28 days. In 3 days, the CS and CS-CNF4 hydrogels revealed approximately 20% weight loss. Meanwhile, CS-CNF1, CS-CNF2 and CS-CNF3 showed weight loss less than 20% even after 14 days. The degradation of CS-CNF2 was the slowest, with approximately 40% degraded at 21 day and approximately 85% degraded at 28 day.
Evaluation of NSC viability in nanocomposite hydrogels by confocal microscopy and CCK-8 assay
The long-term proliferation of NSCs in different hydrogels was evaluated by the Cell Counting Kit-8 (CCK-8) assay, and the results are demonstrated in Fig. 3A . At 3 day, the numbers of NSCs were not significantly different in the pristine CS hydrogel and CS-CNF nanocomposite hydrogels. After 7 days, the number of NSCs in the pristine CS hydrogel was lower than that in any of the CS-CNF groups. At 21 day, CS-CNF2 had the greatest number of NSCs. At 28 day, the number of NSCs somewhat declined in all groups.
Cell viability in hydrogels was confirmed at 3 day by confocal microscopy (Fig. 4) . Cells in CS-CNF2 were more intact (approximately 82.3%) than those in CS and CS-CNF4 (approximately 72%). Meanwhile, CNFs in hydrogels were self-assembled, and the nanofeatures of the fibers were maintained.
Aerobic metabolism of NSCs in nanocomposite hydrogels
The bioenergetics of NSCs in hydrogels was evaluated by aerobic metabolism and is represented by the OCR values of the cells, as shown in Fig. 3B . The quantitative indices including basal OCR values, OCR associated with ATP production, and OCR associated with nonmitochondrial oxygen consumption, were defined from the bioenergetic profiles, as illustrated in Fig. S4 . The basal OCR value (before the addition of oligomycin) for cells in CS-CNF2 was higher than that for cells in the pristine CS hydrogel. The oxygen consumption for cells in CS-CNF2 increased continuously after the addition of carbonyl cyanide p-(tri-fluromethoxy)phenyl-hydrazone (FCCP, mitochondrial uncoupler), indicating the elevated efficiency of mitochondrial electron transfer. In contrast, a continuous increase was not observed in the CS group. After the addition of rotenone, the nonmitochondrial oxygen consumption of the CS-CNF2 group was also higher than that of the CS group. Additional results showing the metabolism in other self-healing hydrogels are displayed in Fig. 3C -E. Evidently, oxygen metabolism was highly associated with the self-healing properties of the hydrogels. Both mitochondrial function and nonmitochondrial respiration were significantly increased in CS-CNF2 and decreased in CS-CNF4, compared to those in the pristine CS hydrogel.
Evaluation of neural differentiation of NSCs in nanocomposite hydrogels by gene expression
The effects of the nanocomposite hydrogels on NSC differentiation are shown in Fig. 5 . After 3 days, NSCs embedded in CS-CNF2 expressed a greater level of the stemness gene (nestin) than those cultured on the conventional 2D tissue culture polystyrene dish (TCPS) as well as those in the pristine CS hydrogel and the other CS-CNF hydrogels. At 14 day, the gene expression of nestin was the greatest for NSCs in CS-CNF1, CS-CNF2, and CS-CNF3, while there was no significant difference among the three. The gene expression level of GFAP was significantly upregulated only after 14 days and was the highest for NSCs in CS-CNF2 and CS-CNF3. The gene (see figure on previous page) Fig. 1 Preparation of CS-CNF self-healing hydrogels. A Benzaldehydes of difunctionalized PEG (DF-PEG) were mixed with cellulose nanofibers (CNFs), followed by the addition of glycol CS to form a self-healing hydrogel. B Gross observation of self-healing by disappearance of the central holes in the hydrogels, and by injection through a 160 μm diameter needle (30G). The hydrogels were stained with trypan blue to aid visual examination. CS-CNF2 and CS-CNF3 could pass through the needle without clogging, but CS, CS-CNF1, and CS-CNF4 hydrogels could not pass continuously and were fragmented. The broken line boxes indicate that the central hole had not completely sealed. The white arrows indicate gel incontinuity or gel fragmentation expression level of CNPase was the highest in the CS-CNF1 group at 3 day and in the CS-CNF2 group at 7 and 14 day. The gene expression level of β-tubulin (an early neuronal marker) was significantly high only in the CS-CNF2 group at 3 day. From 7 to 14 days, only the CS-CNF4 group showed upregulation of β-tubulin. In contrast, the gene expression of MAP2 (a mature neuronal marker) significantly increased in the CS-CNF2 group during the culture period, followed by that in the CS-CNF1 and CS-CNF3 groups. The effects of CNFs (alone) on NSC differentiation are shown in Supplementary Fig. S5A . After 3 days, NSCs cultured on the conventional 2D TCPS expressed a greater level of β-tubulin (the early neuronal marker) than those cultured with CNFs. Data at 3 day also suggested that NSCs cultured with CNFs may have a tendency to express more MAP2 (the mature neuronal marker) but the tendency was not as obvious. At 7 day, the gene-expression levels of Nestin, CNPase, β-tubulin, and MAP2 were significantly upregulated for NSCs cultured with CNFs.
Protein expression of NSCs in nanocomposite hydrogels
The protein expression levels of neural-related biomarkers were evaluated by immunostaining and are shown in Fig. 6A . After 7 days, the protein expression levels of nestin, GFAP, CNPase, and MAP2 in CS-CNF2 appeared to be greater than those in the pristine CS, especially for MAP2. The expression levels quantified by Fig. 2 Rheological properties of the pristine CS hydrogel and CS-CNF2 hydrogel. A, B The moduli (G′ and G″) of the hydrogel at 37°C (1% and 1 Hz) against time. C, D Strain sweep experiments for the equilibrated hydrogels at 37°C (1 Hz). E, F The damage-healing cycles of the hydrogels conducted by introducing continuous step changes in strain (1% strain → n% strain → 1% strain → …) (n ≥ the minimal strain for damage to occur) at 37°C the fluorescence intensities (%) of the staining are shown in Fig. 6B . Based on the data, the protein-expression levels of nestin, GFAP, CNPase, and MAP2 for NSCs in the pristine CS hydrogel were lower than those in the CS-CNF2 hydrogels. In addition, the protein-expression levels of GFAP and MAP2 for NSCs in the pristine CS hydrogel were lower than those in the CS-CNF3 hydrogel. The protein expression level of nestin showed no significant difference between the CS-CNF1 and CS-CNF2 groups, but was higher than that in-the pristine CS and other groups. No significant difference in β-tubulin expression was observed among the CS, CS-CNF1, and CS-CNF2 groups, while the β-tubulin expression level in the CS-CNF3 and CS-CNF4 groups was lower than that in the pristine CS and other groups. In particular, the cells in CS-CNF2 had the greatest CNPase and MAP2 expression among all groups. In general, the tendency of protein expression followed that of gene expression observed previously.
Implantation in the brain injury model of adult zebrafish
The therapeutic potential of NSCs embedded in the CS-CNF2 hydrogel in the cerebellar injury of adult zebrafish was first analyzed, and the results are displayed in Fig. 7A , B. The survival rates of the injured zebrafish transplanted with cell-embedded CS-CNF2 remained approximately 70% after 6 days. In contrast, only 25% injured zebrafish in the control group survived after 2 days and less than 20% survived after 6 days (Fig. 7A) . With regard to locomotion, the cerebellum-injured Table 1 The storage modulus (G′) and the minimal strain for gel-to-sol transition to occur, based on rheological measurements at 1 Hz zebrafish transplanted with the cell-embedded CS-CNF2 hydrogel recovered 45% and 65% of swimming activity after 4 and 6 days, respectively. While those without any transplantation demonstrated only 20% recovery in swimming activity during the same period (Fig. 7B) . These data suggested the better regeneration effect of NSCs embedded in the composite self-healing hydrogel. The therapeutic potential of NSCs with CNFs in cerebellar injury of adult zebrafish is displayed in the Supplementary  Fig. S5B . For the injured zebrafish transplanted with CNFs containing NSCs, only 33% survived after 2 days and less than 20% survived after 4 days. With regard to locomotion, only 25% and 35% of the swimming activity was recovered after 2 and 4 d, respectively, in the cerebelluminjured zebrafish transplanted with CNFs containing NSCs. Based on these results, the effect of CNFs alone was not significant in vivo.
The effect of self-healing ability of hydrogels on the neuroregeneration of zebrafish
We performed additional experiments to compare the therapeutic effect of NSC-embedded self-healing hydrogels. The effect of self-healing on the therapeutic potential of the cell-embedded hydrogels in the zebrafish brain injury model is summarized in Fig. 7C . After 6 days, the recovery of the swimming activity was ranked in the order of CS-CNF2 (65%)~CS-CNF3 (60%) > CS-CNF1 (42%) CS-CNF4 (38%)~CS (36%). The tendency of the hydrogel neuroregeneration potential was generally in accordance with the degree of strain sensitivity (i.e., readiness for reversible structure damage-healing) of the hydrogels.
Discussion
The literature has revealed that the mechanical properties of self-healing hydrogels could be adjusted by the chemical composition, solid contents, or type of composite hydrogels 15, [36] [37] [38] . Very recently, the self-healing properties of poly(2-acrylamido-2-methyl-1-propanesulfonic acid) hydrogels were also found to be tunable 39 . However, reports regarding adjustments to extend selfhealing are still very limited. Moreover, the biocompatibility and biodegradability of such hydrogels have not been examined. Therefore, the exact relationship between self-healing and biocompatibility remains unexplored in the area of hydrogels. In the current study, we developed a Fig. 4 The viability of NSCs in hydrogels visualized by confocal microscopy. At 3 day, there were more damaged cells (blue spots) in the pristine CS hydrogel (approximately 72.6% viability) and CS-CNF4 hydrogel (approximately 71.5% viability) than in the CS-CNF2 hydrogel (approximately 82.3% viability). The CNFs were self-assembled in the hydrogels, forming a network. Meanwhile, the nanofeatures of CNFs were maintained. The top 3D images were acquired from 100 μm thick hydrogels (850 μm × 850 μm area) for photography. The 2D images below represent data from a slice that was only 10 μm thick (a single slice in the Z-stack) series of CS self-healing hydrogels by making nanocomposite hydrogels from CS and CNFs. CNFs strongly interact and entangle among the fibrils. Meanwhile, CNFs are long, flexible, and can readily form hydrogen bonds with the surrounding 40 . Moreover, the addition of CNFs may cause a significant steric hindrance effect and thereby modulate the dynamic Schiff bonding of the hydrogel. We expected that the mechanical and self-healing properties may vary in the CNF composite hydrogels. These hydrogels may offer a model system for correlating the self-healing function of hydrogels with their biological performance.
The Schiff base is a double bond of carbon-nitrogen comprised by nucleophilic attack. Several self-healing hydrogels have been exploited by aromatic Schiff base 41 or aliphatic Schiff base 42 . The aromatic Schiff base, as is the case in the current study, generally shows greater stability. The rheological properties of the composite hydrogels were first analyzed. To our surprise, the mechanical properties of strength and modulus did not increase in the nanocomposite hydrogels. In addition, the strain sensitivity and self-healing rate revealed a biphasic change. In the strain sweep experiment, the G′ value of the pristine CS hydrogel gradually decreased beyond approximately 285% strain. The drop in G′ upon strain increase was more rapid as the amount of CNFs increased until an almost vertical drop of G′ was observed in CS-CNF2 (0.09 wt% CNFs) at approximately 52% strain. Beyond this concentration (0.09 wt% CNFs), the trend was reversed, i.e., the G′ drop was slower and the critical strain for selfhealing increased. Because of these nonmonotonic changes, we hypothesized that apart from the Schiff-base dynamic bonding of DF-PEG, there may be additional interactions in this system such as the electrostatic interaction between the positive charge on the glycol CS and the negative charge of CNFs added 43, 44 . The ionic network as well as the fibrous structure of CNFs 45, 46 may have caused steric hindrance effects while Schiff-base bonds formed and undeformed, leading to changes in selfhealing. In long-term measurements using a small strain, the modulus and strength of the composite hydrogels did not change much probably because the Schiff-base was Fig. 6 Protein expression of neural-related markers (nestin, GFAP, CNPase, β-Tub, and MAP2) in NSCs encapsulated in the CS or CS-CNF2 hydrogels shown by A immunofluorescence staining, and B relative fluorescence intensity (%). The average intensities were quantified from the images. *p < 0.05 among the indicated groups more dominant than the electrostatic force and the steric effect. While the pristine CS hydrogel was destroyed by a large strain, the Schiff-base bonds broke slowly and transformed into sol. When CNFs were present in the hydrogel before reaching the saturation amount, the additional electrostatic forces and steric hindrance would interfere with the Schiff-base dynamics in the hydrogel, at a critical strain (approximately 50% strain), the Schiff-base bonds suddenly collapsed to transform the hydrogel into sol. In the case of a high percentage of CNFs (approximately 0.15 wt% CNFs), the previous structure in the destroyed nanocomposite hydrogel may not be fully recovered within a specific time period because of overwhelming electrostatic interactions and steric effects. By the above mechanism, the self-healing property of the CS hydrogel may be tuned by the concentration of CNFs, but not proportionally. Moreover, the addition of CNFs did not change the dynamic modulus of the hydrogel at low strains, possibly because of the multiple interaction forces between CS and CNFs. Furthermore, injectable hydrogels with self-healing properties could have a longer lifespan, which is beneficial for tissue regeneration 47 . One of the advantages of the current hydrogel model is that the self-healing properties of the CS-CNF hydrogels were independent of their rigidity (modulus) of the hydrogels. In this study, all CS and CS-CNF hydrogels had similar modulus (G′) values. In the literature, the addition of NCC (BNC or NCC, 1.5-3.5 wt%) into alginate could increase the modulus of the hydrogel 26, [48] [49] [50] . Our nanocomposite hydrogels did not show such an increase in modulus, probably because of the relatively small amount of CNFs (≤0.15 wt%) added, or the competing mechanism of the Schiff-base, electrostatic, and steric interactions in our system as described in the previous paragraph. Since gel rigidity could also affect cell behavior and biological performance, keeping G′ values the same for all hydrogels guaranteed that any difference in biocompatibility was not attributed to the difference in gel rigidity.
The content of CNFs to achieve optimized interactions for self-healing was 0.09 wt% (or between 0.09 and 0.12 wt %) in the CS hydrogel. Based on our calculation (Supplementary Table S2 ), the concentration of COO − in the suspension of CNFs (0.09 wt%) was 1.8 × 10 −3 mN. The pKa of glycol CS was 6.5 51 , the concentration of -NH 2 was 5.7 × 10 −2 mN, and the concentration of -NH 3 + (after protonation) on the glycol CS was 1.8 × 10 −4 mN before being made into hydrogel. The concentration of aldehyde in DF-PEG was 5.0 × 10 −3 mN. Therefore, in the CS hydrogel, the amount of NH 2 available for crosslinking was quite sufficient (ten times higher than that of aldehyde). When CNFs were added to the CS hydrogel, the protonation of NH 2 may be increased, driven by the interaction between COO − and NH 2 . This protonation would sacrifice the availability of NH 2 for dynamic Schiff bonding only to a small extent. However, the steric hindrance of CNFs may also prevent the Schiff reaction. Additionally, the coulombic force was enhanced by a significant level. The electrostatic interaction may compensate for the gelling network. If the CNFs concentration was 0.15 wt%, the overloaded CNFs with abundant hydrogen bonds, electrostatic interactions, and steric hindrance may significantly interfere with the reversible self-healing property of the hydrogel. The hypothetical mechanism for tuning the self-healing of CS by CNFs is depicted in Fig. 8 . The mechanism was partially supported by infrared (IR) spectroscopy (Fig. S6, Supplementary  data) . We compared the spectra of the pristine CS hydrogel formed from 1.5 wt% glycol CS and 1 wt% difunctionalized PEG and those containing two different contents of CNFs (0.09 wt% for CS-CNF2 and 0.15 wt% for CS-CNF4). In each hydrogel, a broad and intense IR absorption band in the region between 3000 and 3600 cm −1 was assigned to O-H stretching. The peaks at 1660 and 1110 cm −1 were attributed to the stretching of C=N and C-O, respectively. The pristine CS hydrogel expressed greater peak absorption than did CS-CNF2 and CS-CNF4 at 3460, 1653, and 1095 cm −1
. We, therefore, hypothesized that when the amount of CNFs increased, the overloaded CNFs with abundant hydrogen bonds, electrostatic interactions, and steric hindrance may significantly interfere with the reversible self-healing property of the hydrogel.
Previous literature suggest that cells embedded in selfhealing hydrogels have the ability to differentiate and proliferate and may be applied for angiogenesis 18 , neural regeneration 16, 52 , and cell delivery 53 . These earlier studies examined the biological functions of self-healing hydrogels with different chemical compositions and rigidity. In the current study, the long-term viability of NSCs in composite hydrogels with the same rigidity and different self-healing properties were investigated systematically. The proliferation of NSCs was found to be the greatest in CS-CNF2 that had the best self-healing property. We assumed that cell proliferation was possibly correlated with the nutrient and oxygen supply in the hydrogel. Fig. 8 The hypothetical mechanism of the self-healing properties of CS-CNF hydrogels. The addition of CNFs increased the electrostatic effect, steric hindrance, and hydrogen bonding that either compete or compensate for the dynamic Schiff-base reaction of the hydrogel to tune the selfhealing properties When cells divide during growth, the cytoskeleton has to produce strain 54, 55 , which may destroy the Schiff bond and increase the mass transport nearby. Therefore, hydrogels with better self-healing properties may possibly promote diffusion and mass transfer in the vicinity while providing more nutrients and oxygen for cell growth. This phenomenon may account for the positive correlation between the self-healing property and cell proliferation. The cell viability at 3 day was confirmed by confocal microscopy (Fig. 4) . Cells in CS-CNF2 were more intact than those in CS and CS-CNF4. At 28 day, the number of NSCs in all hydrogels decreased. We speculated that the hydrogels were mostly degraded at this time and that a large number of cells may have fallen out of the hydrogels. The data were consistent with regard to the time frame of degradation for these hydrogels.
Although the addition of CNFs may sacrifice the dynamic Schiff bonding formed in the CS hydrogel and introduce steric hindrance, the electrostatic interaction provided a greater secondary force to establish the hydrogel networks. Therefore in the initial state, the degradation rate of the CS-CNF hydrogels was slower than that of the CS hydrogel. As was also evident from confocal microscopy, the CNFs tended to self-assemble in hydrogels, forming a network (Fig. 4) . At 14 day, the remaining weight of CS-CNF4 was similar to that of the pristine CS hydrogel, possibly because the excess interaction forces, such as electrostatic interaction, may cause CNF aggregation and introduce more steric hindrance and thus interfere with the structural stability of the hydrogel. In addition, CS-CNF1, CS-CNF2, and CS-CNF3 displayed relatively slower degradation rates. The better stability of these composite hydrogels may be ascribed to a balance among the multiple interaction forces.
The oxygen metabolism and mitochondrial function of NSCs embedded in CS-CNF2 were further compared with those in the pristine CS hydrogel. The literature has revealed that increased oxygen metabolism in NSCs is important for the proliferation and neural differentiation 56, 57 . In addition, self-healing hydrogels with porous structures and suitable swelling ratios may allow for oxygen permeability and exudate absorption, and maintain a moist environment favorable for wound healing 58 . The basal respiration of NSCs in CS-CNF2 was greater than that in the pristine CS hydrogel. Moreover, the relatively higher OCR values suggested that the addition of CNFs may not only increase the cellular oxygen metabolism but also promote the proliferation and differentiation of NSCs. As mentioned, the better selfhealing property of CS-CNF2 may promote the nutrient and oxygen supply, which may in turn further influence cell metabolism and differentiation. The poor self-healing properties of the pristine CS hydrogel may also explain why cells in the hydrogel had a lower level of oxygen metabolism.
Analyses of neural marker genes revealed that NSCs embedded in CS-CNF2 had a greater tendency to differentiate toward glial and neuronal cells, agreeing with the fact that an increase in oxygen metabolism was associated with differentiation 59, 60 . The expression of GFAP, CNPase, and MAP2 (red fluorescence) was more obvious for NSCs embedded in CS-CNF2 vs. those in the pristine CS hydrogel. Based on these results, the presence of an appropriate amount of CNFs in the self-healing hydrogel could effectively promote the differentiation of NSCs within only 7 days without the use of induction medium, which was a remarkably short time. The extent of neural differentiation was again positively correlated with the self-healing properties of the hydrogels. We hypothesized that self-healing may promote the mass transport to increase the proliferation and oxygen metabolism of NSCs in the hydrogel, and enhance the differentiation of NSCs in the same manner.
The gelation time of hydrogels is important for the biomedical applications of hydrogels 61 . The injectability and gelation rate of cell-encapsulating materials and the survival rate of transplanted cells are common concerns in cell therapy 59, 60 . According to our in vitro findings, the self-healing property of a hydrogel is critical to cell growth and differentiation. Using the brain injury model of adult zebrafish, we demonstrated that the damaged mobile function of injured zebrafish was better rescued by NSCs embedded in the CS-CNF2 hydrogel that had better selfhealing properties. We speculated that the CS-CNF2 hydrogel injected in the injured zebrafish may heal more quickly to occupy a proper space for tissue remodeling. Hydrogel injection was reported to facilitate the remodeling of myocardial infarcted areas and subsequent tissue repair 62, 63 . Brain injury also requires space for tissue remodeling 64 . The excellent space remodeling effect as well as the facilitated nutrient transport may contribute to the positive correlation between the self-healing property and neural regeneration by the hydrogels.
In summary, the CS-CNF2 self-healing hydrogel (approximately 2 kPa) provided NSCs with an appropriate environment for differentiation and proliferation. Similar to the nanomaterials in most studies that tend to reinforce the mechanical strength of the hydrogel 38, 65, 66 , the CS-CNF hydrogels in our study had comparable mechanical modulus but also different self-healing properties. The hydrogels with similar stiffness and tunable self-healing properties could be employed to correlate material self-healing with the neural regeneration effect. As proposed earlier, the strain generated by cell division may make self-healing hydrogels more sol-like, facilitating diffusivity and cell metabolism. We thus suggest that hydrogels with better self-healing properties could more effectively promote CNS functional recovery in vivo probably because of the enhanced metabolic rate, as depicted in Fig. 9 . The new type of self-healing nanocomposite hydrogels with adjustable self-healing properties offer a potential direction for designing advanced biomaterials suitable for neural and various other tissue engineering applications.
Conclusion
Biodegradable CS-CNF composite hydrogels with tunable self-healing properties were established in this study. The CS-CNF composite hydrogel demonstrated the most favorable self-healing properties when it contained 0.09 wt % CNFs. The optimized hydrogel could pass through a 160 μm needle and promote oxygen metabolism and differentiation of neural stem cells. The presence of CNFs (0.09 wt%) significantly increased the strain sensitivity of the self-healing hydrogel, possibly through the interaction of CNFs with the reversible Schiff bonding in the CS selfhealing hydrogel. The extra interaction also accounted for the better thermal stability and prolonged degradation of the hydrogel. The series of composite hydrogels with similar rigidity (approximately 2 kPa) and different selfhealing properties offered the possibility of correlating self-healing properties with the biological performance of hydrogels. The in vitro and in vivo data supported that the self-healing properties of hydrogels play a critical role in the tissue regeneration potential of the hydrogels. This study provides design rationale for self-healing hydrogels with potential biomedical applications. Fig. 9 The relationship between the self-healing properties of hydrogels and the functional recovery. A Relation between the metabolic rate of cells in hydrogels and the self-healing properties of hydrogels observed in this study. B Relation between the in vivo neural regeneration and the self-healing properties of hydrogels observed in this study. The symbol "x" indicates the data points of the extent (%) of functional recovery plotted against the minimal strain (%) for structure destruction (an index of self-healing) of hydrogel. C Relation between the in vivo neural regeneration and the metabolic rate of cells in hydrogels observed in this study
